Abstract In this review, we focus on the role of orexin signaling in blood pressure control and its potential link to hypertension by summarizing evidence from several experimental animal models of hypertension. Studies using the spontaneously hypertensive rat (SHR) animal model of human essential hypertension show that pharmacological blockade of orexin receptors reduces blood pressure in SHRs but not in Wistar-Kyoto rats. In addition, increased activity of the orexin system contributes to elevated blood pressure and sympathetic nerve activity (SNA) in darkactive period Schlager hypertensive (BPH/2J) mice, another genetic model of neurogenic hypertension. Similar to these two models, Sprague-Dawley rats with stress-induced hypertension display an overactive central orexin system. Furthermore, upregulation of the orexin receptor 1 increases firing of hypothalamic paraventricular nucleus neurons, augments SNA, and contributes to hypertension in the obese Zucker rat, an animal model of obesity-related hypertension. Finally, we propose a hypothesis for the implication of the orexin system in salt-sensitive hypertension. All of this evidence, coupled with the important role of elevated SNA in increasing blood pressure, strongly suggests that hyperactivity of the orexin system contributes to hypertension.
Introduction
Orexin A and orexin B are two neuropeptides (also known as hypocretin 1 and hypocretin 2) produced from the same precursor polypeptide (prepro-orexin) by proteolytic processing that were independently discovered in 1998 by two different groups Sakurai et al. 1998) . Two G-protein coupled receptors mediate the actions of these neuropeptides, the orexin receptor 1 (OX1R) and orexin receptor 2 (OX2R) (Sakurai et al. 1998) . The cell bodies of orexin-producing neurons are strictly localized in the hypothalamus, particularly in the lateral hypothalamic area, perifornical nucleus, dorsomedial hypothalamic nucleus, dorsal hypothalamic area, and posterior hypothalamic area in the rat brain (Date et al. 1999; Nambu et al. 1999; Peyron et al. 1998) . However, these orexin-containing neurons have extensive projections throughout the entire brain including the cerebral cortex, thalamus, circumventricular organs, limbic system, and brainstem, as well as throughout the hypothalamus (Date et al. 1999; Nambu et al. 1999; Peyron et al. 1998) . As expected from this extensive projection pattern, the orexin system contributes to the regulation of several physiological processes, which have been extensively reviewed elsewhere (de Lecea 2012; Sakurai 2007 Sakurai , 2014 Tsujino and Sakurai 2009) . Included in the range of functions that the orexins regulate is the central control of sympathetic nerve activity (SNA) and blood pressure. The anatomy of orexin-producing neurons in relation to regions of the brain involved in SNA and blood pressure control as well as functional in vivo studies, which support that the orexin system participates in SNA and blood pressure regulation, have recently been reviewed (Carrive 2013; Li and Nattie 2014) . These studies show that orexin-containing nerve terminals (Baldo et al. 2003; Nambu et al. 1999; Peyron et al. 1998; Shahid et al. 2012; Zheng et al. 2005) and receptors from in situ hybridization studies (Lu et al. 2000; Marcus et al. 2001; Trivedi et al. 1998 ) and immunohistochemistry studies (Backberg et al. 2002; Cluderay et al. 2002; Hervieu et al. 2001 ) reside in many cardiovascular control regions of the brain. In addition, it has been shown that orexin-producing neurons also innervate as well as drive sympathetic preganglionic neurons in the spinal cord (Antunes et al. 2001; Date et al. 2000) . Accumulating evidence indicates that hyperactivity of the orexin system contributes to several animal models of hypertension. In this review, we focus on the role of the orexin system in several animal models of hypertension studied to date as well as propose our hypothesis that the orexin system may be implicated in the Dahl animal model of salt-sensitive hypertension.
Orexin and the Spontaneous Hypertensive Rat (SHR) Model of Essential Hypertension
The majority of studies to date, examining the role of the orexin system in hypertension have used the SHR model, a commonly used animal model for human essential hypertension. Similar to essential hypertension in humans in which the development of hypertension is age-dependent, SHRs develop an age-dependent increase in blood pressure starting around 6 weeks (Andresen et al. 1980) . Elevated SNA is a critical mechanism underlying the development and maintenance of hypertension in this model (Judy et al. 1976) . Since the orexin system is involved in SNA and blood pressure regulation, initial studies sought to determine if alterations in the orexin system contribute to hypertension in this model via pharmacological blockade of orexin receptors or endogenous application of the orexins.
In one of the first studies linking orexin to hypertension, Li et al. showed that blocking orexin signaling by oral administration of the dual orexin receptor antagonist, almorexant, significantly decreased blood pressure and heart rate (HR) in SHRs but not Wistar-Kyoto (WKY) rats in both wakefulness and sleep during dark and light periods of the diurnal cycle . Although no studies to date have directly measured the SNA response to orexin receptor blockade in SHRs, Li et al. indirectly measured SNA in response to almorexant. They found that oral administration of almorexant significantly reduced the lowfrequency and low-frequency/high-frequency ratio of systolic blood pressure in conscious SHRs in both wakefulness and sleep during dark and light periods of the diurnal cycle compared to pretreatment . They also found that almorexant significantly decreased cerebrospinal fluid (CSF), noradrenaline, and both noradrenaline and adrenaline plasma levels in SHRs . Taking all into account, this study suggests that overactivation of the orexin system contributes to the maintenance of hypertension in the SHR model potentially via increasing sympathetic vasomotor tone .
Another study by Lee et al. corroborated these findings and additionally showed that overactivation of the orexin system in the brain contributes to hypertension in the SHR model (Lee et al. 2013) . Instead of oral administration, this study administered centrally, via intracerebroventricular (ICV) injection, specific OX1R and OX2R antagonists. They found that only OX2R antagonist TCS-OX2-29 decreased mean arterial pressure (MAP) and HR in SHRs but not in WKY rats compared to vehicle control injection rats (Lee et al. 2013) . Surprisingly, out of all the brain regions involved in SNA and blood pressure control tested in this study, hypothalamic paraventricular nucleus (PVN), dorsomedial hypothalamic area, perifornical hypothalamic area, rostral ventrolateral medulla (RVLM), and caudal nucleus tractus solitarius, only the RVLM had a significantly reduced total and transmembrane OX2R protein expression in SHRs compared to WKY rats (Lee et al. 2013) . Subsequent OX2R blockade in the RVLM resulted in a significant reduction in MAP and HR in SHRs but not in WKY rats (Lee et al. 2013 ). Overall, this study suggests that the OX2R may play a more important role than the OX1R in the SHR model and that elevated OX2R activation in the RVLM contributes to the maintenance of hypertension in the SHR model.
Recently, Lee et al. further investigated the mechanisms responsible for elevated RVLM OX2R activation in SHRs (Lee et al. 2015) . They found RVLM injection of orexin A (agonist for OX1R and OX2R) and OX2R-specific agonist ALOXB resulted in a greater increase in MAP in SHRs compared to WKY rats (Lee et al. 2015) . The neuronal nitric oxide synthase (nNOS)-specific inhibitor 7-Nitroindazole but not the inducible NOS (iNOS) inhibitor aminoguanidine significantly attenuated the pressor response to RVLM OX2R activation (Lee et al. 2015) . This suggests that despite lower OX2R expression in the RVLM, increased pressor sensitivity of the OX2R mediated by nNOS signaling may underlie the enhanced OX2R activation supporting hypertension in SHRs.
Multiple studies have quantified either the number of orexin-containing neurons or orexin A and B levels in SHRs compared to WKY rats in order to further investigate the mechanisms that mediate orexin system overactivation in this model (Clifford et al. 2015; Li et al. 2016) . Notably, Lee et al. reported that both 4 and 16-week-old SHRs had a greater total number of immunoreactive orexin A neurons in the hypothalamus than age-matched WKY rats (Lee et al. 2015) . They also found the total number of RVLM projecting orexin A immunoreactive neurons to be significantly greater in 16-week-old SHRs compared to WKY rats (Lee et al. 2015) . Immunoreactive orexin A neurons as well as RVLM projecting immunoreactive orexin A neurons were greater in 16-week-old SHRs compared to age-matched WKY rats in the dorsomedial hypothalamus and the perifornical hypothalamus regions where the cell bodies of orexin-producing neurons are located (Lee et al. 2015) . They also found that hypothalamus levels of orexin A and orexin B and RVLM levels of orexin A were significantly increased in SHRs compared to WKY rats (Lee et al. 2015) . These results offer an additional explanation to the increased RVLM OX2R activation mediating hypertension in SHRs. Lee et al. suggest that more orexin-containing neuron projections to the RVLM as well as higher levels of orexin A in the RVLM may cause enhanced OX2R activation (Lee et al. 2015) . However, rather than the number of orexin-containing neurons being greater in SHRs compared to WKY rats, it is more likely that the existing neurons are producing orexins at a higher rate in SHRs so that more stain.
It has been demonstrated that the orexin system contributes to regulation of the CO 2 chemoreflex (Li and Nattie 2014) . In addition to a lower resting blood pressure, orexin knockout mice have a decreased respiratory hypercapnic chemoreflex (Kayaba et al. 2003; Nakamura et al. 2007 ). Antagonism of orexin receptors significantly decreases the CO 2 chemoreflex in normal rats (Dias et al. 2009 (Dias et al. , 2010 Li and Nattie 2010) . In addition, orexin neurons are sensitive to changes in CO 2 and PH in vitro (Williams et al. 2007 ). The role of the orexin system in cardio-respiratory function as well as the anatomy of the orexin system in relation to regions of the brain involved in respiration and central chemoreception has recently been reviewed (Li and Nattie 2014) . SHRs have an enhanced peripheral (Simms et al. 2009 ) as well as central chemoreflex (Li et al. 2016) . Therefore, a recent study by Li et al. investigated the contribution of the overactive orexin system to the augmented CO 2 chemoreflex and associated hypertension in SHRs (Li et al. 2016) . They showed that the augmented CO 2 chemoreflex and MAP in young and adult SHRs were significantly attenuated by oral administration of almorexant in wakefulness and sleep (Li et al. 2016) . In adult SHRs, the augmented pressor response to hypercapnia was significantly attenuated by almorexant treatment in wakefulness and non-rem sleep (Li et al. 2016) . Also, both young and adult SHRs had an increased number of orexin A immunoreactive neurons in the hypothalamus that were activated in response to hypercapnia than age-matched WKY rats (Li et al. 2016 ). These experiments demonstrate that overactivation of the orexin system also contributes to hypertension in SHRs via augmenting the CO 2 chemoreflex.
Orexin and the Schlager High Blood Pressure Mouse (BPH/2J)
Similar to SHRs, elevated SNA is a mechanism that contributes to hypertension in the Schlager high blood pressure mouse (BPH/2J) (Davern et al. 2009; Jackson et al. 2013) . Gene array studies showed that mRNA expression of prepro-orexin, which encodes the precursor orexin polypeptide, was increased in early and established phases of hypertension in BPH/2J mice compared to normotensive BPN/3J control mice (Marques et al. 2011b) . Also mRNA expression of the prepro-orexin gene was greater in darkactive BPH/2J mice compared to BPH/2J light-inactive mice (Marques et al. 2011a) . Given that hypertension is more pronounced in BPH/2J compared to BPN/3J control mice during the dark-active period (Jackson et al. 2016 ), a recent study investigated whether increased activity of the orexin system contributes to hypertension in BPH/2J mice (Jackson et al. 2016) . They found that intraperitoneal injection of two doses (30 and 100 mg/Kg) and oral dose (300 mg/kg) of almorexant significantly reduced MAP, HR, and locomotor activity compared to vehicle control in BPH/2J mice but not in BPN/3J control mice in the darkactive phase (Jackson et al. 2016) . Maximum decreases in MAP were -16 mmHg from 100 mg/Kg intraperitoneal injection and -11 mmHg from oral administration 300 mg/kg almorexant. However, they found that intraperitoneal administration of almorexant (100 mg/Kg) did not change MAP from baseline in BPH/2J or BPN/3J control mice during the light-inactive period (Jackson et al. 2016) . Although not measured directly, indirect measurements of SNA were reduced in dark-active period BPH/2J mice but not in BPN/3J mice indicating the orexin system contributes to augmented sympathetic outflow in dark-active period BPH/2J mice (Jackson et al. 2016 ). Similar to the SHR model, Jackson et al. also found that BPH/2J mice had more neurons immunoreactive for orexin than BPN/3J mice in the lateral hypothalamus (Jackson et al. 2016 ). Overall, this study suggests that increased activity of the orexin system contributes to hypertension and increased SNA in dark-active period BPH/2J mice further establishing a role for the orexin system in neurogenic hypertension.
Orexin and Stress-Induced Hypertension
The orexin system is involved in cardiovascular responses to certain forms of stresses (Furlong et al. 2009; Johnson et al. 2010) . It has also previously been shown that a stressinduced hypertension rat (SIHR) established by 14 days of foot shocks and loud noises in Sprague-Dawley (SD) rats changes NOS (nitric oxide synthase) isotype expression in Cell Mol Neurobiol (2018) 38:385-391 387 the RVLM, a key region that mediates the cardiovascular effects of orexin A in the brain (Chen et al. 2000) . Since the NOS/nitric oxide (NO) system in the RVLM contributes to blood pressure regulation (Kishi 2013 ), Xiao et al. investigated whether orexin A is involved in stressinduced hypertension established in adult male SD rats with 14 consecutive days of foot shocks and loud noises by modulating the NOS/NO system in the RVLM (Xiao et al. 2013) . They reported that the number of immunoreactive orexin A neurons in the lateral hypothalamic-perifornical area as well as the protein expression of OX1R in the RVLM was greater in SIHRs compared to control rats (Xiao et al. 2013 ). As mentioned above, rather than the number of orexin-containing neurons being greater in SIHRs compared to control rats, it is more likely that the existing neurons in SIHRs produce orexins at a higher rate. It was found that RVLM microinjection of orexin A resulted in a dose-dependent increase in systolic blood pressure and HR in SIHRs and control rats, but the increase was more pronounced in SIHRs (Xiao et al. 2013) . OX1R or OX2R blockade with SB-408124 or TCS-OX2-29 partially attenuated the HR and systolic blood pressure response to RVLM orexin A microinjection in both SIHR and control rats, and also lowered the elevated systolic blood pressure and HR of SIHRs (Xiao et al. 2013) . RVLM inhibition of nNOS and guanylate cyclase attenuated the systolic blood pressure and HR response to RVLM injection of orexin A in both control and SIHRs (Xiao et al. 2013 ). This study suggests that the cardiovascular actions of orexin A in the RVLM of SIHRs are mediated by NO derived from nNOS and associated soluble guanylate cyclase pathway. These findings are consistent with the results from Lee et al. discussed above (Lee et al. 2015) , which showed that enhanced OX2R-nNOS signaling in the RVLM contributes to hypertension in SHRs suggesting nNOS may be an important signal pathway for the orexin system in the RVLM in several forms of hypertension.
Orexin and Obesity-Related Hypertension
The orexin system may also be a link between obesity and hypertension as alterations in this system have also been implicated in the obese Zucker rat model of obesity-related hypertension. Augmented SNA contributes to hypertension in this model (Carlson et al. 2000) , therefore orexin is a logical target given that it regulates SNA and energy homeostasis. Specifically, central administration of orexin stimulates feeding in rats (Sakurai et al. 1998) . Furthermore, orexin neurons are sensitive to peripheral metabolic signals specifically they are inhibited by leptin and excited by ghrelin (Yamanaka et al. 2003) . To investigate the contribution of the orexin system to obesity-induced hypertension, Zhou et al. first compared the protein levels of OX1R and OX2R in the PVN of Zucker obesity rats and their lean control rats using Western blot. They found that PVN OX1R expression was significantly greater in 15-week-old obese Zucker rats compared to age and sexmatched lean Zucker rats (Zhou et al. 2015) , while no significant difference in OX2R expression was observed in the PVN between these two group of rats. Consistent with this result, they found that microinjection of the OX1R antagonist SB334867 into the PVN significantly decreased MAP and renal sympathetic nerve activity (RSNA) in obese Zucker rats but not in lean Zucker rats (Zhou et al. 2015) . PVN OX2R blockade did not affect MAP or RSNA in obese Zucker rats or lean Zucker rats. Additionally, orexin A induced a greater increase in the firing rate of spinal cord projecting PVN neurons in obese Zucker rats compared to lean Zucker rats, which was attenuated by OX1R antagonist SB334867, but not OX2R antagonist TCS OX2 29 (Zhou et al. 2015) . This study suggests that upregulation of the OX1R contributes to increased firing of PVN neurons and contributes to augmented SNA and hypertension in the obese Zucker rat model of obesityrelated hypertension.
Orexin and Salt-Sensitive Hypertension
Despite the importance of hyperactivity of the orexin system in several animal models of hypertension, there have been no studies to date linking the orexin system to saltsensitive hypertension. Our recent preliminary data showed that OX1R expression is significantly increased in the Dahl salt-sensitive (Dahl S) rat with a high-salt diet compared to their cohorts with a normal diet. This observation coupled with the studies reviewed above which suggest that the orexin system contributes to neurogenic hypertension in several forms of hypertension have led us to hypothesize that the orexin system may be implicated in salt-dependent forms of hypertension where the central nervous system plays a contributing role via augmented SNA. In particular, we hypothesize that the orexin system may contribute to hypertension in the Dahl S rat, an animal model of saltsensitive hypertension. Studies have demonstrated that the central nervous system contributes to the Dahl model of salt-sensitive hypertension via elevations in sympathetic nervous system activity (Gordon et al. 1981; Takeshita et al. 1979) . The PVN is a key regulator of SNA and its function is essential to maintain elevated blood pressure in Dahl S rats on a high-salt diet (Goto et al. 1981) . It has previously been shown that orexin A and B have excitatory actions in the PVN by depolarizing both parvocellular and magnocellular neurons Samson et al. 2002; Shirasaka et al. 2001) . Therefore, we hypothesize that the PVN may be a region where potential upregulation or enhanced sensitivity of components of the orexin system may contribute to the development or maintenance of highsalt induced hypertension in Dahl S rats via activation of the sympathetic nervous system. Presently, it is unknown how a high-salt diet could activate the orexin system in Dahl S rats. There have been no studies that have directly determined if orexin-producing neurons are sensitive to changes in osmolality. Indirect evidence shows that prepro-orexin mRNA is upregulated in the hypothalamus of 48-h water-deprived rats (Kunii et al. 1999) , which suggests that orexin-producing neurons may be sensitive to changes in osmolality. In addition, the lamina terminalis, which is the location of the primary central osmoreceptors, is reported to have efferent projections to the lateral hypothalamus where orexin-producing neurons are located (Hahn and Swanson 2010; Hurley and Johnson 2014) . Previous studies from other groups have demonstrated that a high-salt diet induces an increase in CSF Na
? concentration in Dahl S rats (Huang et al. 2004; Nakamura and Cowley 1989; Simchon et al. 1999) , which may be due to an abnormal Na? transport system in this rat strain (Amin et al. 2009 ). Therefore, we hypothesize that an increase in CSF Na
? in response to a high-salt diet may subsequently activate the orexin system either by directly activating orexin-producing neurons or indirectly through activation of central osmoreceptors in Dahl S rats. This may affect neuronal activity of parvocellular presympathetic neurons by either increased orexin release in the PVN, upregulation of orexin receptors, or enhanced sensitivity of orexin receptors resulting in activation of the sympathetic nervous system eventually leading to the development or maintenance of salt-sensitive hypertension (Fig. 1) . Future studies will test this hypothesis and determine if blocking orexin receptors in the PVN can decrease SNA and blood pressure in hypertensive Dahl S rats as well as prevent the development of salt-sensitive hypertension. In addition, the molecular mechanisms that mediate the orexin system control of SNA and blood pressure in salt-sensitive hypertension will be investigated.
Summary and Conclusions
The reviewed experiments suggest that the orexin system contributes to several experimental animal models of hypertension including the SHR model of essential hypertension, the Schlager high blood pressure mouse (BPH/2J), stress-induced hypertension established by foot shock and noise in SD rats, and the obese Zucker rat model of obesity-related hypertension.
Enhanced OX2R activation in the RVLM due to increased sensitivity of the OX2R mediated by nNOS signaling as well as enhanced production of orexins have been identified as mechanisms by which the orexin system contributes to neurogenic hypertension in the SHR model. Overactivation of the orexin system may also contribute to neurogenic hypertension in SHRs by augmenting the CO 2 chemoreflex. Increased production of orexins may also contribute to hypertension and increased SNA in dark-active period Schlager high blood pressure (BPH/2J) mice. Circumventricular organs (CVO) in the lamina terminalis may sense increased osmolality and activate orexin-producing neurons. Alternatively, orexin-producing neurons may be directly sensitive to changes in CSF sodium concentration. This may increase orexin release to the PVN and augment PVN neuronal activity resulting in increased sympathetic nerve activity targeting the heart, kidneys, and vasculature and contribute to hypertension. Reduced ability of natriuresis by the kidneys of Dahl S rats may support chronic activation of the orexin system and may explain why the orexin system would not be chronically activated in SD or Dahl salt resistant rats in response to a high-salt diet Cell Mol Neurobiol (2018) 38:385-391 389 hypertension established by foot shock and noise in SD rats and is mediated by nNOS signaling. This suggests that nNOS may be an important signal pathway for the orexin system in the RVLM in several forms of hypertension. Furthermore, upregulation of the OX1R increases firing of hypothalamic PVN neurons, augments SNA, and leads to hypertension in the obese Zucker rat. Based on this accumulating evidence that suggests the orexin system contributes to several models of neurogenic hypertension, there is strong rationale to investigate the contribution of the orexin system in other models of hypertension where the central nervous system contributes via augmented SNA.
